The glutamate-dependent respiration of isolated BM (brain mitochondria) is regulated by Ca 2 + cyt (cytosolic Ca 2 + ) (S 0.5 = 225 + − 22 nM) through its effects on aralar. We now also demonstrate that the α-glycerophosphate-dependent respiration is controlled by Ca cyt in a reconstituted system consisting of BM, cytosolic enzymes of MAS and LDH causes an up to 5-fold enhancement of OXPHOS (oxidative phosphorylation) rates that is due to an increased substrate supply, acting in a manner similar to a 'gas pedal'. In contrast, Ca 2 + mit (intramitochondrial Ca 2 + ) regulates the oxidation rates of substrates which are present within the mitochondrial matrix. We postulate that Ca 2 + cyt is a key factor in adjusting the mitochondrial energization to the requirements of intact neurons.
The glutamate-dependent respiration of isolated BM (brain mitochondria) is regulated by Ca 2 + cyt (cytosolic Ca 2 + ) (S 0.5 = 225 + − 22 nM) through its effects on aralar. We now also demonstrate that the α-glycerophosphate-dependent respiration is controlled by Ca cyt in a reconstituted system consisting of BM, cytosolic enzymes of MAS and LDH causes an up to 5-fold enhancement of OXPHOS (oxidative phosphorylation) rates that is due to an increased substrate supply, acting in a manner similar to a 'gas pedal'. In contrast, Ca 2 + mit (intramitochondrial Ca 2 + ) regulates the oxidation rates of substrates which are present within the mitochondrial matrix. We postulate that Ca 2 + cyt is a key factor in adjusting the mitochondrial energization to the requirements of intact neurons.
INTRODUCTION
The Ca 2 + -dependent regulation of OXPHOS (oxidative phosphorylation) is one of the major issues of cell biology. According to a generally accepted paradigm, Ca [1, 2] . However, a model considering activation of these dehydrogenases by Ca 2 + mit (intramitochondrial Ca 2 + ) does not fully comply with findings made in vivo [3] and is inconsistent with results of computer simulations [4] . Moreover, several studies have revealed that mitochondria respond to elevated workloads in vivo even if the Ca 2 + uniporter is inhibited by RR (Ruthenium Red) [5, 6] . On the other hand, it has been shown that Ca 2 + cyt activates the glutamate/aspartate carriers aralar and citrin [7, 8] , as well as the mitochondrial α-GPDH [α-GP (α-glycerophosphate) dehydrogenase], all of which are located in the mitochondrial inner membrane [7, 8] . Since their regulatory Ca 2 + -binding sites are exposed to the mitochondrial intermembrane space, these enzymes can sense Ca 2 + cyt . Aralar is the key component of the MAS (malate-aspartate shuttle) [7] , responsible for the Ca 2 + cyt -dependent transport of reducing hydrogen generated by NADH from the cytosol into mitochondria [7, 8] . Similarly, α-GPDH is the central enzyme of the α-glycerophosphate shuttle transporting electrons to ubiquinone [7] .
The consequences of these Ca 2 + -dependent mechanisms for regulation of OXPHOS in brain mitochondria have not previously been addressed.
Recently, we discovered that in BM (brain mitochondria) the rate of OXPHOS can be increased reversibly by elevation of Ca 2 + cyt within the nanomolar range in the presence of glutamate and malate as substrates [9] [10] [11] . In contrast, Ca 2 + cyt exerts a low stimulatory effect on OXPHOS in the presence of pyruvate/malate, and no effect at all with succinate [9] [10] [11] . For this reason, the Ca 2 + cyt -specific regulation of OXPHOS was attributed to the activation of aralar [9] [10] [11] .
The main metabolic fuels of BM are the pyruvate precursors lactate and glucose [12, 13] and to a small extent glycerol [14] . Each precursor can be metabolized into pyruvate by the involvement of the oxidizing enzymes GAPDH (glyceraldehyde-3-phosphate dehydrogenase), LDH (lactate dehydrogenase) or α-GPDH [13] . These oxidations, however, can occur only if NAD + is regenerated by the MAS.
In the present study we hypothesized that metabolic coupling of the MAS-mediated transport of reducing hydrogen into mitochondria to the formation of pyruvate enables the cell to control the substrate supply to BM by Ca 2 + cyt . Therefore the aims of the present study were (i) to assess in detail the contributions of intra-and extra-mitochondrial Ca 2 + to the regulation of OXPHOS in BM, and (ii) to investigate the influence of Ca Thus it is envisaged that Ca 2 + cyt acts as a key factor regulating the pyruvate supply to BM through regulation of the MAS, and that this mechanism, together with the regulation of intramitochondrial substrate oxidation rates, controls the energization of BM.
EXPERIMENTAL

Mitochondria
BM, containing synaptosomal and non-synaptosomal fractions, were isolated from 3-4-month-old mice [15] . The isolation and incubation medium did not contain BSA. Before final suspension, the mitochondrial Ca 2 + content was routinely reduced by two extractions with nitriloacetic acid [16] . All research and animal care procedures were performed according to European guidelines.
Respirometry
Mitochondrial respiration was measured with a Clark-type oxygen electrode and high-resolution respirometry [17, 18] using an OROBOROS Oxygraph-2k instrument at 30
• C. Respiration of mitochondria (0.06 mg of protein/ml) was measured in an EGTA medium containing 120 mM mannitol, 40 cyt was verified by Fura-2 measurements. The following mixtures were used as substrates: 10 mM glutamate + 2 mM malate, 10 mM α-GP, 10 mM pyruvate + 2 mM malate, 10 mM α-KG + 2 mM malate and 10 mM IC + 2 mM malate. In some experiments, substrate concentrations were varied as indicated.
Measurement of Ca 2 +
free in EGTA medium Ca 2 + free in the medium was measured fluorimetrically after appropriate Ca 2 + additions to EGTA medium containing 2 mM ADP and 0.06 mg of BM/ml, using Fura-2 (10 μM) as described previously [10] . The dissociation constant (K d ) of the Ca 2 + -Fura-2 complex was assumed to be 0.19 μM [19] .
Mitochondrial membrane potential ( ) measurements
was monitored by extramitochondrial safranine (10 μM) fluorescence [20] , at 495 nm excitation and 586 nm emission, with a Cary Eclipse fluorimeter (Varian) in stirred and thermostatically controlled (30 • C) cells. Measurements were performed in EGTA medium with isolated mitochondria (0.25 mg of protein/ml) and additions as indicated.
Protein determination
Mitochondrial protein concentrations were determined by the bicinchoninic acid assay [21] with BSA as a standard.
RESULTS
Substrate-dependent OXPHOS of mouse BM
According to Figures 1(A) cyt on the oxidation of α-GP, which donates electrons through flavoprotein-linked α-GPDH of the inner mitochondrial membrane to CoQ in BM. As illustrated in Figure 1( Figure 1F ). Measurements were performed either with or without mitochondria in order to obtain the information at which Ca Figure 1G ), confirming our earlier observation that Ca 2 + activation of state 3 Glu/Mal is exclusively an extramitochondrial phenomenon [9] [10] [11] .
Effects of Ca 2 + cyt on the shape of α-GP titration curves ( Figure 1H ) were completely different from those seen with glutamate ( Figure 1G ). At 11 nM Ca 2 + cyt , state 3 α-GP started to increase only after the application of high α-GP concentrations (>4 mM) owing to a large K m (K m,11 nM Ca 2 + = 12.7 + − 0.4 mM). Increasing Ca 2 + cyt to 700 nM resulted in a substantial decrease in the K m for α-GP (K m,700 nM Ca 2 + = 2.1 + − 0.2 mM) without any effect on V max ( Figure 1H and Table 1 ). Since the Ca 2 + activation of state 3 α-GP was not altered by RR (Figure 1H ), the α-GP-dependent OXPHOS must also be regulated exclusively by Ca 2 + cyt in BM. As illustrated in Figure 1 (I), Ca 2 + cyt had only a minor, but nevertheless statistically significant, effect on the kinetics of pyruvate utilization in brain mitochondria: V max was increased Figure 1K ). Analogous to state 3 α-KG/Mal , both parameters were markedly affected by RR. On the other hand, RR was not able to reverse completely the activation by Ca 2 + cyt of α-KG-and IC-dependent respiration. In order to compare the absolute extent of Ca 2 + cyt activation for various mitochondrial substrates, the increments between stimulated and non-stimulated respiration rates ( Figures 1G-1K ) were calculated and plotted against the respective substrate concentrations ( Figure 1L ). The largest increase in Ca is a consequence of a Ca 2 + -induced decrease in the respective Michaelis constants (Table 1) .
MAS reconstitution studies
The next experiments were designed to reconstitute the complete MAS and to check to what extent its function and its ability to provide pyruvate for BM are controlled by Ca 2 + cyt . As illustrated in Figure 2 (A), the complete MAS can be reconstituted by incubation of isolated BM with the purified enzymes GOT, MDH and LDH. From the scheme it is evident that operation of the MAS can be launched by addition of either glutamate/malate or α-KG/aspartate. In the presence of LDH, lactate and NADH, the MAS is coupled to pyruvate formation through LDH and therefore ensures a pyruvate supply to fuel mitochondrial respiration. In this system, pyruvate supply should be amplified secondarily by Ca 2 + cyt through its primary activating effect on aralar. A typical experiment aimed at checking such a function of Ca 2 + cyt is shown in Figure 2 (B). After pre-incubation of isolated BM in an EGTA-containing medium in the presence of LDH and its substrates lactate (5 mM) and NADH (100 μM), as well as GOT and MDH, 2 mM of ADP was added to induce state 3 respiration. The rate of the latter process was negligible in the absence of glutamate and remained very low even after the addition of glutamate because aralar was not activated by basal Ca of respiration were significantly decreased (results not shown). In further incubations without glutamate no pyruvate could be formed by LDH (no cytosolic NAD + regeneration) and, owing to the missing hydrogen transport into mitochondria, no Ca 2 + stimulation could be observed. Figure 2(D) shows the experiments aimed at testing the assumption that if the complete MAS supplies the BM with reducing hydrogen and pyruvate, an inhibition of the mitochondrial pyruvate uptake should substantially reduce the rate of respiration. Indeed, when BM were incubated under conditions of complete MAS activation (achieved by the addition of 5 mM α-KG plus 5 mM aspartate), the addition of cinnamate (which is an inhibitor of the mitochondrial pyruvate uptake), caused a 53% decrease in the state 3 respiration rate ( Figure 2D , black trace) which was statistically significant ( Figure 2E ). The observed effects of cinnamate were not related to altered control by adenylates, as CAT (carboxyatractyloside), a blocker of ANT (adenine nucleotide translocase), effectively reduced the rate of ADP-dependent respiration. Clearly, the cinnamate-inhibitioninduced shift from the MAS in its complete state, up-regulated by Ca 2 + , to an incomplete MAS resulted in a strongly reduced ability of the MAS to energize the mitochondria specifically due to suppression of pyruvate supply. Thus these results demonstrate that (i) through activation of MAS Ca 2 + cyt strongly up-regulates the rate of pyruvate supply, but not the mitochondrial ability to oxidize substrate, and that (ii) the capacity of the complete MAS is sufficient to support maximum rates of complex I-dependent oxidative phosphorylation. Figures 3C and 3D) . After the increase in Ca 2 + cyt to 700 nM, the safranine fluorescence of BM fell immediately to the same value as obtained in the parallel measurement at 700 nM Ca 2 + cyt ( Figure 3C ). This means that the rise in Ca (Figure 3D ). The formation of pyruvate from its precursors is coupled to NAD + regeneration via MAS. The activity of aralar, the glutamate/aspartate carrier as the central enzyme of the MAS, is controlled by Ca 2 + cyt [7, 8] . Aralar transports glutamate into the mitochondria, but under steady-state conditions this glutamate is not metabolized since it will be regenerated within the complete MAS (Figure 2A) . Whereas mitochondrial pyruvate uptake and pyruvate metabolism are only slightly dependent on Ca 2 + cyt , the formation of pyruvate is strongly controlled by Ca 2 + cyt . Owing to its low K m and high V max , pyruvate is the preferred substrate of BM. Because of the electrogenic nature of the glutamate transport via the MAS and the coupling of the PC (pyruvate carrier) to the electrochemical proton gradient, this pathway can actively increase intramitochondrial NADH and pyruvate like a 'gas pedal'. The biological importance of this mechanism particularly targets BM, since BM cannot use fatty acids as alternative oxidation substrates [55] . After the uptake of Ca Collectively, these data suggest that Ca 2 + cyt activates mitochondrial substrate supply in a concentration-dependent manner, a process that in turn builds up a higher and thereby regulates OXPHOS. We have previously shown that increased Ca 2 + cyt causes a 2-fold activation of the glutamate-dependent respiration of rat BM [9] [10] [11] . The present study shows that under optimized experimental conditions, including the routine extraction of Ca 2 + with nitriloacetic acid during the preparation of mitochondria [16] and increasing the Ca 2 + cyt from 11 nM to 1300 nM, a 5-fold reinforcement of state 3 Glu/Mal ( Figure 1A) can be observed. At the same time, the K m of glutamate oxidation of BM remained constant, similar to that observed for heart mitochondria [24] . The half-activation constant for this Ca 2 + activation (S 0.5 = 225 + − 25 nM Ca The present study shows that state 3 α-GP is also regulated by Ca 2 + cyt ( Figures 1B and 1G and Table 1 ). Like aralar, the mitochondrial α-GPDH can be activated by Ca 2 + cyt [27, 28] through its regulatory Ca 2 + -binding site in the intermembrane space [7] . However, the low V max of state 3 α-GP and the very high K m for α-GP (2.1-12.7 mM, Table 1) suggest that the importance of mitochondrial α-GP oxidation in the brain is not high. It appears more likely that, analogous to the oxidation of lactate to pyruvate by LDH, α-GP is preferentially oxidized by cytosolic α-GPDH (K m = 400 μM) [29] to form the pyruvate precursor DHAP (dihydroxyacetone phosphate).
Oxidation of pyruvate/malate, the most important substrate of BM, was slightly, but significantly, activated by Ca 2 + cyt ( + 16 %, Figures 1C, 1I and 1L, and Table 1 ); as the K m for pyruvate did not change, this effect was due to increased V max (Table 1) .
In contrast, the oxidation of α-KG/malate was found to be largely dependent on Ca Figures 1K and 1L , and Table 1 ). As shown in Figure 1 (L), the stimulation by Ca 2 + of state 3 α-KG/Mal and state 3 IC/Mal respiration revealed a bell-shaped characteristic, as it was considerably elevated at decreasing substrate concentrations down from 10 mM reaching a maximum activation at 1 mM ( Figure 1J) , which is the same as previous findings in heart mitochondria by McCormack and Denton [2] . Similar to observations made by Denton [10] . The reason for RR-independent activation in oxidation of α-KG is not clear. RR inhibits all presently known Ca 2 + -uptake pathways, including uniporter [30] , Ram [31, 32] , RyR (ryanodine receptor)-sensitive Ca 2 + transporter [33] and Letm 1 [34] (see [35] for a review). Therefore the RR-insensitive state 3 activation recorded suggests the existence of hitherto unknown RR-independent Ca 2 + cyt -mediated signalling or of a non-specific Ca 2 + entry into the matrix space; in either case it requires further investigation.
For a long time, the activation of intramitochondrial dehydrogenases by Ca 2 + mit was the only known mechanism underlying the stimulation by Ca 2 + of mitochondrial substrate consumption ( Figure 4) [1,2] . However, since it has become evident that Ca 2 + cyt regulates the rates of aralar [7, 8] and GPDH [7, 27] independently of the accumulation of Ca 2 + ions into the matrix, a new additional mechanism must be considered for the regulation of mitochondrial energization through the substrate supply to mitochondria [7] [8] [9] [10] [11] 36, 37] . Indeed, before matrix dehydrogenases can be activated, Ca 2 + cyt has to be accumulated by mitochondria. The Ca 2 + mit , however, only speeds up the oxidation of those substrates (α-KG, IC and pyruvate) which are already present in the matrix space. In contrast, the activation of aralar by Ca 2 + cyt enhances the rate of substrate supply and transport into mitochondria, thus acting similarly to a 'gas' pedal in the car.
To compare the role and quantitative importance of the two mechanisms, we performed Ca 2 + titrations of respiration in BM, starting at 11 nM Ca 2 + cyt ( Figures 1A-1E Figure 1L) ; this corresponds to physiological glutamate levels in the cytosol of neurons [39] . The highest Ca 2 + -activations of α-KG-and IC-dependent respiration rates were only slightly lower (63 % and 52 % respectively) than that of glutamate/malate, but occurred at non-saturating substrate concentration (1 mM). In contrast, the extent of maximal Ca 2 + stimulation of the other substrate oxidations tested (α-GP, pyruvate/malate) was lower ( Figure 1L ) Therefore we conclude that the Ca 2 + -controlled energization of isolated BM is realized mainly by aralar, operating through Ca 2 + cyt , as well as by α-KGDH and ICDH, both operating through Ca 2 + mit ( Figure 4) . In all of our Ca 2 + -titration experiments with complex Idependent substrates ( Figures 1A and 1C-1E ) an increasing level of inhibition was observed at the highest Ca 2 + cyt concentrations. These inhibitions are probably caused by opening of the permeability transition pore since CsA (cyclosporin A) can nearly completely abolish the Ca 2 + -induced inhibition of state 3 respiration performed under similar conditions [40] . The decreasing respiratory rates at permeability transition pore opening have been shown to be connected with a CsA-sensitive release of NAD + /NADH [41] explaining why, after the addition of NADH, the respiratory rates increased again and why the succinate-dependent respiration is not so much affected by permeability transition [40] . In agreement with that conclusion, the α-GP-dependent respiration is also not inhibited by excess Ca 2 + ( Figure 1B ).
The complete MAS acts as a 'gas pedal'
The present study was undertaken to test our hypothesis that Ca cyt mainly up-regulates the rates of pyruvate formation without exerting an influence on the total capacity of BM to oxidize pyruvate. At higher Ca 2 + cyt (>500 nM), the BM began to substantially accumulate Ca 2 + ; it follows that the stimulation of the state 3 respiration in this concentration range was mainly caused by Ca 2 + mit operating as an activator of substrate oxidation through α-KGDH, ICDH and PDH [1, 2] . (ii) Under conditions where the complete MAS is functioning, the decrease in respiration by 56 % under the influence of cinnamate, a potent inhibitor of the pyruvate transporter [42] , directly demonstrated that the enhanced substrate supply capacity of the complete MAS stems from the parallel formation of pyruvate.
The complete MAS is characterized by certain energetic advantages. (i) By coupling of aralar activity to extramitochondrial pyruvate production it ensures pyruvate regeneration which is dependent on Ca 2 + cyt concentration. This mechanism is required in vivo to ensure a continuous respiratory substrate supply, mostly by glycolysis. (ii) Whereas only one NADH molecule is generated intramitochondrially per molecule of glutamate and malate transported into mitochondria by the simple MAS (without pyruvate formation), the complete MAS supplies, in addition, one pyruvate molecule, which is then able to produce five NADH/FADH 2 molecules. (iii) The complete MAS is able to supply the BM with substrates sufficiently to attain the maximum complex I-dependent state 3 respiration (Table 1) . (iv) Both the mitochondrial uptake of reducing hydrogen through the MAS and the pyruvate uptake are driven by the electrochemical proton gradient which 'pumps' the substrates into the mitochondria. Therefore the uptake does not need the respective substrate gradients. All of these properties are prerequisites for the use of the complete MAS as a Ca 2 + cyt -controlled 'gas pedal'.
Although the functional coupling of the MAS to pyruvategenerating reactions has been known for a long time [43] , the MAS function has been assessed in several studies under conditions which do not allow parallel pyruvate formation to take place [8, 44, 45] . Studies of the hydrogen transport capacity of the MAS without parallel pyruvate formation (the incomplete MAS) [8] have shown that elevated Ca 2 + cyt triggers Ca 2 + mit accumulation via the Ca 2 + uniporter, which in turn activates α-KGDH. The activated α-KGDH competes increasingly with the MAS for α-KG. As a consequence, MAS activity is inhibited by a reduced export of α-KG from mitochondria [8] . However, this phenomenon is probably only detectable in the absence of cytosolic pyruvate formation, and this is therefore a nonphysiological condition.
Mitochondrial energization should be adjusted to metabolic needs in order to avoid possible negative consequences of permanent activation or even over-energization of mitochondria. Such a negative consequence as an increased ROS (reactive oxygen species) formation [45] [46] [47] [48] could be possibly avoided if a decreasing Ca 2 + cyt diminishes the pyruvate supply to BM. The present study raises an important question about the cell-type-specificity of the presence and role of the MAS. The experiments described in the present paper were performed with mitochondria that had been isolated from total mouse brains and therefore consisted of nearly equal amounts of neuronal and non-neuronal mitochondria [49] . It is known that glial cells contain much less, or even none, aralar than do neurons [50] [51] [52] ; consequently, the MAS activity is also low in, or absent from, glial cells [50] [51] [52] . Therefore an inhibition of the MAS cannot influence the oxidative metabolism in intact astrocytes. This can be taken as indirect evidence of the existence of the α-glycerophosphate shuttle in these cells [52] [53] [54] . Moreover, Pellerin et al. [13] assumed that glia cells preferentially produce lactate from glucose (aerobic glycolysis). This lactate leaves the glia cells via a monocarboxylate carrier and can be accumulated by neurons (astrocyte-neuron lactate shuttle) [13] . Neurons convert the lactate into pyruvate, since they have an active MAS coupled to pyruvate formation. This point of view is further supported by experiments performed in our group showing that the state 3 Glu/Mal of astrocytes is low and cannot be stimulated by Ca 2 + cyt (Z. Gizatullina and F. N. Gellerich, unpublished work). Therefore, despite the fact that we performed our measurements in a mixture of neuronal and non-neuronal mitochondria, it is reasonable to conclude that the MAS is most probably a property of neurons, but not of glial cells.
Although we have shown that the 'gas pedal' described above also regulates the energization of mitochondria in other tissues such as skeletal muscle (E. Seppet and F.N. Gellerich, unpublished work), it appears to play an especially important role in BM, which, being unable to oxidize fatty acids [55] , rely exclusively on pyruvate oxidation.
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